The compaction of a SiAlON phosphor powder was performed by electrophoretic deposition (EPD). The SiAlON phosphor films were filled with SiO 2 for improved adhesion to the glass substrate. The TEOS (tetraethoxysilane Si(OC 2 H 5 ) 4 ) or TEMOS (tetramethoxysilane Si(OCH 3 ) 4 ) sol-gel precursor was impregnated in the SiAlON deposited film, then thermally treated at 773 K. The optical and mechanical properties of the SiAlON phosphor-SiO 2 composite films were also characterized.
INTRODUCTION
SiAlON phosphors have attracted attention as a new material for LEDs [1] - [5] . It is expected to be applied to general lighting because of its high brightness, superior thermal stability and excellent color-rendering property [6] - [10] . The SiAlON phosphor is usually synthesized as a powder by a solid phase reaction method. It is considered that the establishment of film packaging technology is essential for their practical application to general lighting. We have reported the PL properties of a pseudo-white light-emitting device that consists of a blue LED and the deposited films of the yellow-emitting Eu-doped Ca-α-SiAlON [11] , [12] . The compaction of the SiAlON phosphor powder on a substrate has been performed by electrophoretic deposition (EPD) using polyvinyl butyral (PVB) as the binder. However, PVB has no sufficient thermal stability to prevent peeling-off and slipping-off of the deposit layer under the influence of increasing temperature when a high brightness LED is used as a pump source. Furthermore, the external quantum efficiency of the deposit was insufficient since diffuse reflection of the light at the interfaces between the air voids, PVB layers and particles is inevitable. We have considered that the diffuse reflection would be decreased and the adhesion of the deposit to the substrate would be improved by filling the voids with a transparent filler. In this study, the voids in the deposited layers of the SiAlON phosphor particles were filled with SiO 2 to improve their adhesion to the substrates and increase the external quantum efficiency.
EXPERIMENTAL
The phosphor powder used in this study was Eu-doped Ca-α-SiAlON, which shows the yellow light emission of λ  = 585 nm synthesized by the gas-pressure-sintering method [7] , [8] . The deposition of the SiAlON phosphor was performed by EPD. The EPD conditions were same as in our previous reports [11] , [12] . Polypyrrole (Ppy), a conducting polymer, coated silica glass slides [13] - [15] and ITO glass slides were used as the substrates. Fig. 1 shows the schematic diagram of the preparation procedure of the SiAlON phosphor-SiO 2 composite film. After the deposition of the phosphor powder, the as-deposited film was calcined at 773 K to burn out the PVB and Ppy. For the ITO glass substrate, 4 ) was impregnated, followed by a thermal treatment. The adhesion of the deposit was evaluated by the JIS H8504 tape test [16] using a NICHIBAN tape (width: 18 mm, adhesion: 9.7 N/25mm). The surfaces and cross-sections of the prepared SiAlON phosphor-SiO 2 composite films were observed using a scanning electron microscope (SEM) (HITACHI S4100). The photo luminescence (PL) property of this composite film was characterized by a multi-channel photo-detector (Otsuka Electronics, MCPD-3700) using the blue light of 450 nm wavelength as the pump source. The irradiation of the blue light was conducted from the particle-undeposited side of the substrate.
RESULTS and DISCUSSION
Figures 2 and 3 show the overview and SEM images of the as-deposited and SiO 2 impregnated films prepared on the ITO glass substrates. There are many open pores in the SiAlON layer as shown in Fig. 2 (b) . After the SiO 2 impregnation, the phosphor particles are not clearly identified from the pictures of the cross-section (Fig. 3  b) and the surface (Fig. 3 c) . The open pores in the SiAlON layer (Fig. 2 b) were completely filled with SiO 2 (Fig. 3 b and c) . However, the film was partially peeled off the ITO glass substrate during the thermal treatment as shown in Fig. 3 (a) . The PL property was characterized in the area where the composite film had not peeled-off. Figure 4 shows the measured PL spectra. The PL intensity of the composite film increased when compared to that of the as-deposited one. The external quantum efficiency calculated from the PL spectra is shown in Table Ⅰ . The external quantum efficiency ratio of the PVB-removed deposit and the SiO 2 -filled composite film shows the value when that of the as-deposited film is defined as 100%. The efficiency was improved by removing the PVB, and it was further improved by the following treatment to fill the voids with SiO 2 . These results suggest that the external quantum efficiency was improved by controlling the diffuse reflection. This composite film maintained the same color of the as-deposited film ( Table Ⅱ) . For the ITO glass substrate, the external quantum efficiency of the composite film was improved; however, the film was partially peeled off from the substrate. The peeling-off of the film probably originated in the difference of the affinity of the SiO 2 sol for the substrates; the ITO glass has a lower affinity for the SiO 2 sol than the silica glass. Figure 5 shows the results of the tape test of the as-deposited and composite films prepared on the silica glass substrates. As a result of the tape test, the composite films would not come off the silica glass. Especially, the composite film prepared using the TEMOS sol showed a higher adhesion. This film remained bonded to the substrate even against a high impact by dropping it on the floor from a 1 m height. The different results of the tape test of the films prepared from TEOS and TEMOS might be due to the in alkoxy structure. The speed of the condensation polymerization and hydrolysis reaction of TEOS is slower than TEMOS due to the longer alkyl chain causing steric hindrance. Therefore, the hydrolysis reaction of TEOS might not be completed under these experimental conditions. As a result, partial cracking occurred due to the large shrinkage during the thermal treatment. Table Ⅲ shows the external quantum efficiency ratio of the composite film. For the ITO glass, the efficiency of the as-deposited one is defined as 100%. The external quantum efficiency of the SiAlON phosphor-SiO 2 composite films was significantly improved similar to the ITO glass. This result suggests that the straightforward performance of the light was improved by controlling the diffuse reflection by filling the pores in the film with SiO 2 . Figure 6 shows the cross-sectional SEM image of the composite film prepared on silica glass. This image shows that most of the voids in the composite film are filled with SiO 2 . The interfacial adhesion of the composite film to the silica glass substrate seems to be fairly good. However, partial voids are still observed. These residual pores could be completely filled with SiO 2 by optimizing the processing conditions of the hydrolysis reaction and thermal treatment, and the external quantum efficiency would be further improved.
CONCLUSIONS
For the ITO glass substrate, the Eu-doped Ca-α-SiAl-ON phosphor-SiO 2 composite film was peeled off the substrate. On the other hand, the composite film has good adhesion to the substrate after SiO 2 filling in the case of the silica glass substrate. The external quantum efficiency was improved in both cases by impregnating SiO 2 into the films. The Eu-doped Ca-α-SiAlON phosphor-SiO 2 composite films are superior to the as-deposited films in both the adhesion and luminescent properties. 
